The early time period following ischemia may be of pathogenetic importance in hypoxic-ischemic brain injury. Global cerebral oligemia was induced in ten late gestation fetal sheep by inflation of a balloon occluder around the brachiocephalic artery. Cerebral blood flow, oxygen, glucose, and lactate net flux, and oxygen deliv ery were measured by the Fick principle following 1 h of oligemia and at 5, 30, and 60 min of postoligemic reper fusion. During oligemia, cerebral blood flow decreased by 74 ± 10% (mean ± SD) and oxygen consumption de creased by 34 ± 24%. The glucose:oxygen quotient was elevated throughout the oligemic period. In the early (5 min) reperfusion period, blood flow and oxygen delivery were not different from control but oxygen consumption
Systemic hypotension and the subsequent de crease in cerebral blood flow (CBF), which are sec ondary to decreases in arterial oxygenation, appear to be important pathophysiologic events in the mechanism of injury to the perinatal brain (Ting et aI., 1983; Wagner et aI. , 1986; Vannucci et aI. , 1988) . Evidence is accumulating in adult brain isch emia models that the postischemic reperfusion pe riod may be of major pathogenetic importance (Yoshida et aI., 1980) . In the fetus, however, rela tively little is known about the metabolic conditions in the brain during and after a prolonged period of hypoxia-ischemia.
The fetal brain can vasodilate and increase blood flow in order to maintain the cerebral metabolic rate for oxygen (CMR02) during brief hypoxemia when was persistently depressed by 27 ± 32%; fractional ex traction of oxygen was 0.38 ± 0.10 during control and 0.24 ± 0.09 during early reperfusion. The venous oxygen tension increased modestly from 15.2 ± 2.4 to 18.0 ± 1.7 mm Hg; the postoligemic venous p02 was limited by the lack of reactive hyperemia combined with the low arterial p02 of the intrauterine environment. Post oligemic carbo hydrate fluxes could not be differentiated from control, possibly due to blood-brain barrier limitations. These fac tors may be related to the relative resistance of the fetal brain to hypoxic-ischemic injury. Key Words: Fetal brain-Ischemia-Reperfusion-Cerebral metabolism Glucose-Hypoxia. arterial blood pressure is maintained or elevated (Jones et aI., 1977 (Jones et aI., , 1978 , but with prolonged hyp oxemia, arterial blood pressure, CBF, and CMR02 cannot be maintained (Richardson et aI., 1989) . During relatively brief periods of noncomplete but severe oligemia (75% reduction in CBF), CMR02 was reduced, glucose uptake increased, and a lac tate efflux was detected (Chao et aI., 1989) . With 50% reductions in perfusion pressure (PP) and CBF, no significant change in CMR02 was detected at normal levels of arterial oxygenation Hohimer et aI., 1991) , but when arterial hypoxemia was also induced, CMR02 fell and a major increase in glucose uptake was mea sured (Hohimer et aI., 1991) . Thus, modest degrees of ischemic hypoxia are tolerated by the fetal brain without a fall in CMR02, but more severe hypoxia results in a decrease in oxygen consumption and anaerobic glucose consumption.
The period following hypoxia-ischemia, i.e., the reperfusion and reoxygenation period, may be of pathogenetic importance in hypoxic-ischemic brain injury in both adult (Siesj6, 1981) and neonatal (Armstead et al., 1988; Rosenberg, 1988; Rosenberg and Murdaugh, 1988) brain. In general, for the adult, there seems to be an early period of hypere mia followed by a period of lowered perfusion and oxidative metabolism (Siesj6, 1981) . Studies of newborn cerebral hemodynamics and metabolism during and after asphyxia (Thiringer et al., 1987; Rosenberg, 1986 Rosenberg, , 1988 Rosenberg and Murdaugh, 1988) or ischemia (Leffler et al., 1989) have pro vided qualitatively similar results.
However, the fetal brain and its environment are unique: brain anatomy and vasculature are structur ally different, blood pressure is one-half that of the adult, and the arterial oxygen tension is normally extremely low compared to air-breathing condi tions. The goal of the present studies was to deter mine if the fetal brain responds to prolonged partial oligemia and reperfusion in a similar manner as the adult and newborn or if it manifests unique re sponses due to the intrauterine environment or stage of development.
METHODS

Surgical procedures
The animal protocols used were reviewed and ap proved by the Animal Care and Use Committee of the Oregon Health Sciences University. Ten ewes of mixed Western breed at 120-129 days of gestation were anes thetized with intravenous thiamyl sodium (7-10 mg/kg) , intubated, and ventilated with halothane (0.5-1%), ni trous oxide (50%), and oxygen (50%). A hysterotomy was performed and polyvinyl catheters were inserted into both fetal brachial arteries and advanced until the tips approached the brachiocephalic artery. A hindlimb vein catheter was placed and advanced into the inferior vena cava. A trephine was used to remove a 1 cm circular portion of the skull in the midline to expose the sagittal sinus midway between the coronal and lambdoidal su tures. The sinus was then punctured with a needle and a polyvinyl catheter inserted caudally to the vicinity of the confluens (about 1 cm). A left lateral thoracotomy was then performed and an inflatable occluder (In Vivo Met rics, Healdsberg, CA, U.S.A.) placed around the com mon brachiocephalic artery, which supplies both fore limbs and carotid arteries in this species. All fetal inci sions were closed and a polyvinyl catheter sewn to the fetal skin for amniotic fluid pressure measurement. The abdomen was closed and 1 million units of penicillin G were deposited in the amniotic fluid. Animals were al lowed 4 days to recover postoperatively prior to any stud ies.
Physiological measurements
Ewes were allowed food and water ad libitum through out the study period. The catheters were connected to strain gauges (Statham, Oxnard, CA, U.S.A) that had been calibrated with a mercury manometer. Arterial pres sures were electronically meaned (0.3 Hz low-pass filter, Beckman type 9853 coupler, Beckman, Schiller Park, IL, U.S.A.). The pressures from the brachial artery (which was distal to the occluder) and sagittal sinus were digi tized and the difference (the cerebral perfusion pressure) calculated by a computer; the PP was then automatically regulated by a computer-activated pump that could inflate or deflate a hydraulic occluder around the brachiocephal ic artery. In this manner, the PP could be prospectively specified and controlled.
Cerebral blood flow measurements
Regional cerebral blood was measured using radionu clide-labeled microspheres and the reference sample technique (Rudolph and Heymann, 1967; Makowski et aI., 1972) . For each blood flow determination, a well dispersed suspension of approximately 2 x 106, 15 fLm microspheres in 6% dextran was injected over 15 s into the hindlimb vein followed by a flush of 3 ml of saline. Reference sample blood was withdrawn from a brachial artery at a rate of 2.14 mUmin for a period beginning just prior to the injection and continuing for 3 min postinjec tion. The isotopes utilized were 141Ce, 51Cr, 85Sr, 95Nb, and 46SC.
Following completion of the experiments, the animals were painlessly killed with intravenous barbiturate and phenytoin. A postmortem examination was performed to verify catheter placement and to remove the brain. The brain tissues were counted with the reference samples in a Packard/Nuclear Data Multichannel Analyzer, Model 601 (Schaumburg, IL, U.S.A.). Isotopic separation and blood flow calculation were performed by the methods of Makowski et al. (1972) , Rudolph and Heymann (1967) , and Jones et al. (1978) .
Blood sampling and analysis
Arterial and sagittal venous blood samples (3 mt) were anaerobically obtained. Sagittal sinus blood has been val idated as a means of sampling exclusively cerebral ve nous drainage, as extracerebral contamination is negligi ble (Purves and James, 1969) . Blood gas and pH deter minations were made at 39°C using a Radiometer Model 3BGS (Copenhagen, Denmark). Oxygen content (CA02) was measured with a Lex-02-Con (Lexington Instru ments, Waltham, MA, U.S.A.). Glucose and lactate were measured in duplicate in frozen-thawed whole blood us ing glucose oxidase-H202 and lactate oxidase-H202 methods (YSI 23A Glucose Analyzer, Yellow Springs In struments, Yellow Springs, OH, U.S.A.). Details of these methods have been previously published (Chao et al., 1989) .
Protocol
Initially, blood samples for measurement of oxygen content and blood gases were taken from the forelimb artery and sagittal sinus and a blood flow measurement was made. The balloon occluder was then inflated to re duce perfusion pressure to approximately 25% of control. The oligemic condition was maintained for 1 h. Arterial and sagittal venous blood samples were taken after ap proximately 5 and 30 min of oligemia; after 50 min of oligemia, a set of blood samples was taken and a blood flow measurement was performed. The balloon was then released and blood samples were taken and blood flow measurements made at 5, 30, and 60 min of postischemic reperfusion. The animal was then killed and the postmor tem was performed as described above.
Data analysis
Metabolic fluxes were calculated as the product of the arteriovenous difference and the cerebral blood flow. Substrate delivery was calculated as the product of the arterial concentration and CBF. Metabolic extractions were calculated as the metabolic rate divided by the de livery rate or the arteriovenous difference divided by the arterial concentration. Grouped means were calculated for the different time periods and statistical comparisons made by paired t tests for planned comparisons and by analysis of variance for repeated measures with New man-Keuls post hoc tests where indicated for unplanned comparisons. To attempt to reduce interanimal variabil ity. the data were also analyzed by percentile changes from control; however, they did not reveal any further significant differences and are not reported here. Non parametric comparisons for repeated-measures data were made by Friedman's analysis of variance (ANOV A). The means in the tables are derived from 10 animals except for values incorporating glucose or lactate measurements, which are derived from 7 animals. Data are expressed as means ± SD.
RESULTS
In general, arterial blood gases were not mark edly altered during or after the cephalic hypoten sion. Arterial p02 rose slightly during the oligemia from 19. 4 ± 2. 9 (all measurements in mm Hg) to 22.0 ± 2.0 following 50 min of oligemia (p < 0. 05, repeated-measures ANOV A and Neuman-Keuls post hoc test). The sagittal venous oxygen tension fell during the oligemia from 15. 2 ± 2. 4 to 8. 7 ± 1. 9 (p < 0.05) following 50 min, reflecting the ischemic hypoxia. Mter 5 min of reperfusion, venous oxygen tension was significantly increased to 18.0 ± 1. 7 (p < 0.05); subsequent measurements of venous p02 were not different from control. The arterial pC02 was not substantially altered; the sagittal venous pC02 increased from 55.5 ± 3.7 to 68. 1 ± 5. 2 (p < 0.05) at 50 min of oligemia but returned to control after 5 min of reperfusion and in subsequent mea surements. Table 1 shows oxygen, glucose, and lactate con centrations and blood pressures before, during, and after the I-h period of oligemia. Sagittal venous glu cose concentrations were lower than control during oligemia despite a rise in arterial glucose concentra tion. Both arterial and sagittal venous lactate rose during oligemia and remained above control for the 1 h of reperfusion. Figure 1 depicts the changes in hemispherical CBF during and following oligemia. Blood flow de creased to 26 ± 10% of control during oligemia. Following deflation of the balloon and restoration of PP, blood flow was not significantly different from control in the early (5-min) reperfusion and did not change throughout the postischemic period. Re gional blood flows are reported in Table 2 and showed essentially the same pattern as the hemi spheres. A nonsignificant trend was observed to ward an increase in blood flow in the late reperfu sion. Figure 2 illustrates the relationship of oxygen de livery and consumption to oligemia and reperfu sion. Oxygen delivery decreased to 30 ± 14% of control during oligemia. During early reperfusion, delivery and blood flow returned to control values. Oxygen consumption was reduced during oligemia and remained significantly depressed in early reper fusion, returning to control at the 30-min measure ment. Oxygen extraction was 38 ± 10% during con trol and increased to 89 ± 5% during oligemia; dur ing early reperfusion, the persistent depression in oxygen consumption despite restoration of delivery resulted in an extraction of 24 ± 9%, which was significantly less than control. Subsequent extrac tion values were not significantly different from control. Arteriovenous differences for oxygen, glucose, and lactate are reported in Table 3 along with the calculated metabolic uptakes (effluxes are shown as negative). The CMR02 was significantly less than control at the end of the occlusion and remained below control after 5 min of reperfusion; it returned to control at 30 and 60 min. The mean net fluxes for glucose and lactate were not significantly different from control at any time period.
The glucose:oxygen quotient was not different from unity in the control state (l.14 ± 0.43), rose to above 1 during the cephalic hypotension (1.42 ± 0.40, 1.47 ± 0.53, and 1.75 ± 0.08 at 5, 30, and 55 min of oligemia, respectively, p < 0.001, Fried man's ANOVA), but was not different from control at any of the reperfusion times (1.29 ± 0.85, 1.54 ± 1.14, and 1.34 ± 0.68 at 5, 30, and 60 min of reper fusion, respectively).
In every fetus studied, the occlusion caused a de crease in the amplitude of the EEG. The magnitude of the attenuation was variable and could not be correlated with the metabolic data. Several fetuses seemed to recover some EEG amplitude over the hour of oligemia. In all animals, the EEG was still attenuated after 5 min of reperfusion but shortly thereafter returned to an amplitude and pattern that could not be distinguished from control.
DISCUSSION
Normal intrauterine life is characterized by levels of oxygen tension that would be harmful to adult brain tissue. Paradoxically, it is felt that the devel oping brain is particularly resistant to hypoxic ischemic brain injury. The mechanisms for this re sistance are not completely clear but may be related in part to our finding that there appears to be an absence of early cortical postoligemic hyperemia despite a severe and prolonged oligemic stress, as well as the fact that the postoligemic venous oxygen tension is limited by the low oxygen environment.
We did not find any evidence for a reactive hy peremia in the fetal cerebrum at the times our blood flow measurements were made (5, 30, and 60 min after reperfusion). Although we did see a trend to ward an increase in blood flow to other regions, it should be noted that there was a lower arterial ox ygen content at that time that may explain the in crease (Jones et aI., 1977) . In adult models of brain ischemia, a pronounced hyperemia occurs in the early postischemic reperfusion period (Kagstrom et aI., 1983) . In the newborn, there have been conflict ing observations: Leffler et al. (1989) found no hy peremia in the cerebrum of newborn piglets follow ing 20 min of complete ischemia induced by an increase in intracranial pressure; however, a signif icant hyperemia was found in all other brain regions 5 min after reperfusion. In contrast, Laptook et al. (1988) , also studying newborn pigs but using partial ischemia induced by hemorrhagic hypotension, ob- served a postischemic cerebral blood flow 30% greater than control. It is possible that methodological differences in the generation of tissue hypoxia/ischemia or species differences may account for the difference between these current results and postnatal studies. In addi tion, micro spheres are a discrete as opposed to con tinuous measurement of blood flow, and it is possi ble that there was a postoligemic increase in blood flow at a time when it was not measured.
Alternatively, there may be a unique characteris tic of the intrauterine environment that may explain the absence of postischemic hyperemia. Like the adult and newborn, the fetal sheep brain has the capacity to vasodilate in response to arterial hyp oxemia (Jones et aI., 1978) and CBF has been re ported to remain elevated for at least 1 h after 90 min of hypoxic hypoxia (Ashwal et aI., 1980) . Al though biochemically and developmentally the term fetus closely resembles the term newborn, an im portant physiologic difference is the low oxygen tension in arterial and cerebral venous blood. It is possible that relative to an air-breathing stage, the fetal brain may accumulate less of a metabolic va sodilator during oligemia due to the relatively de creased availability of oxygen; this would blunt the postischemic increases in blood flow observed at other stages of development. This effect would be especially apparent in our model, where we have demonstrated extremely low venous oxygen ten sion during oligemia. Differences in the species uti lized in the various studies and the conditions lead ing to tissue hypoxia make it difficult to attribute the differences seen to any single factor, and the methodology in the present experiment does not di rectly address the mechanism.
The absence of post oligemic hyperemia may be beneficial in light of recent observations by Kuroiwa et al. (1989) , who observed a decrease in tissue edema and blood-brain barrier disruption when postischemic hyperemia was prevented by constriction of the middle cerebral artery following the ischemic episode. The spontaneous limitation of postoligemic blood flow we have demonstrated in the fetus may have a similar protective effect.
During postischemic reperfusion, oxygen uptake remained transiently low for at least 5 min. Laptook et al. (1987) reported an even more prolonged de pression in cerebral oxygen uptake in newborn pig lets following prolonged whole-body hypotension. A continued high cerebral extracellular potassium or low cellular ATP concentrations may inhibit neu ronal activity. Whatever the cellular mechanism, it appears likely that the hypometabolic condition was linked to some tissue conditions and not to arterial oxygenation or PP directly, as these were not dif- ferent from control during this early reperfusion pe riod.
In the adult, CBF increases dramatically posto ligemia. Because oxygen consumption does not in crease markedly during this time, there is an in crease in tissue oxygen tension that may contribute to oxygen radical production and subsequent lipid peroxidation (Ingvar et aI., 1960; Siesj6, 1981) . In the adult, Yoshida et ai. (1980 Yoshida et ai. ( , 1982 have demon strated marked changes in biochemical composition of the tissue postischemia suggestive of an accumu lation of substrate for lipid peroxidation during oligemia, followed by oxygen-radical production and lipid peroxidation during reperfusion. This situation of low oxygen extraction despite high cerebral blood flow, which was termed "lux ury perfusion" by Lassen (1966) , appears to be sig nificantly different in the fetus. Although oxygen consumption is decreased in the early postischemic period, the lack of hyperemia combined with the normally low arterial oxygen tension limited post ischemic cerebral venous p02 to 18 torr. Although the minimal oxygen tension for oxygen radical pro duction has been estimated to be as low as 10--15 torr (Siesj6, 1981) , it seems reasonable that limita tion of postischemic oxygen tension might be ben eficial to the brain.
Thus, the lack of reactive hyperemia following oligemia in the fetal brain may function as a protec tive mechanism by limiting postischemic tissue hy peroxia. The magnitude of the hypoxic-ischemic stress in the present studies was more severe than that of many experiments that permanently injure the brain in adult animals. However, the rapid re turn to control levels of blood flow and oxygen and glucose uptake as well as the resumption of grossly normal EEG function suggest that no permanent damage was induced during this prolonged and se vere insult (Williams et aI., 1990) . Direct measure ment of oxygen radical and lipid peroxidation pro cesses in fetal brain postischemia will be essential to resolve this question.
Some investigators have challenged the wisdom of giving 100% oxygen after global cerebral isch emia in adults (Mickel et aI., 1987) . A similar con cern must be entertained for elevated oxygen resus citation following birth asphyxia, which is often performed in the clinical setting. The fetal advan tage, in terms of a limited postischemic rise in ve nous p02' may be lost if postischemia the arterial blood has a high oxygen content. This point is fur ther emphasized by recent observations that fetal brain enzymatic oxygen defense mechanisms are relatively poor through most of gestation and are primarily acquired during the last quarter of preg-nancy (Mishra and Delivoria-Papadopoulos, 1988) . Thus, compared to the adult or term fetal brain, the premature brain may be at increased risk for oxy gen-induced injury, and antenatal antioxidant ther apy might be warranted.
Our data confirm that the late gestation sheep fetus responds to severe but not complete cerebral oligemia by taking up more glucose than can be oxidized; the current experiment demonstrates that this phenomenon persists for at least 60 min in a manner quantitatively similar to that observed dur ing a brief 5-min oligemia (Chao et aI., 1989) . Sim ilar results from adult animals have been reported by Hoyer et ai. (1974) , who found an increase in cerebral glucose uptake and lactate efflux with moderate falls in PP in anesthetized dogs. Richard son et ai. (1989) also found an increased fixed acid excretion following isocapnic fetal hypoxemia.
It appears that both the duration of oligemia and the presence of a remaining glucose supply to the brain influence the final tissue lactate level and pH in models of incomplete cerebral ischemia. The glu cose:oxygen quotient expresses the relationship be tween glucose consumption and the oxygen re quired to metabolize it anaerobically; a quotient of 1 signifies completely aerobic metabolism, whereas a quotient greater than 1 suggests anaerobic con sumption of a portion of the glucose uptake, al though the possibility exists that the excess glucose might be taken up but not consumed. In our study of combined hypoxemia and cephalic hypotension (Hohimer et aI., 1991) , we found no significant lac tate efflux but a large increase in glucose uptake, resulting in a glucose:oxygen quotient exceeding 3. The data of Laptook et ai. (1987) yield a glucose:ox ygen quotient greater than 8 in newborn piglets sub jected to ischemia, but they also did not show an efflux of lactate from the brain. In later studies, Corbett et ai. (1988) utilized a similar model and magnetic resonance spectroscopy to find that brain lactate concentrations rose by as much as 2 !-Lmol g -1 min -1. In the present study, the persistence of an elevated glucose:oxygen quotient throughout the hour of oligemia suggests that lactate production continued and that continued lactate accumulation was likely.
However, we were unable to demonstrate a con sistent pattern of lactate and glucose fluxes during postischemic reperfusion; a wide range of net fluxes was observed in individual animals. This may be due to several factors. Methodologically, it is rela tively difficult to measure small net fluxes using the Fick principle when blood flow is high, because small errors in concentration measurements are am plified by the high blood flow values. However, the variability seen is in excess of what is observed in control states when blood flow is comparable. Al ternatively, the blood-brain barrier may limit the utility of Fick principle measurements to reflect in tracellular carbohydrate metabolic effects during a time period when tissue and plasma concentrations may be changing (Chao et aI., 1989) . In addition, other factors such as fructose consumption (Wagner et aI., 1986 ) may contribute to glucose and lactate metabolic heterogeneity between these ani mals during the postischemic reperfusion period. Measurement of tissue metabolite concentrations is likely necessary to resolve these issues.
In conclusion, we have demonstrated that a 1-h reduction in PP to the fetal brain resulted in a fall in CBF and the generation of ischemic hypoxia. The fetal brain responded with an increase in oxygen extraction despite a marked decrease in oxygen de livery. The anaerobic glycolysis observed under these circumstances is likely to cause a progressive, time-dependent rise in brain lactate levels. During early postischemic reperfusion, blood flow and ox ygen delivery were restored while oxygen con sumption remained depressed, resulting in a signif icant decrease in oxygen extraction. However, a relatively small increase in cerebral venous oxygen tension was observed that was limited by the lack of postischemic reactive hyperemia as well as the low fetal arterial oxygen tension. These phenomena may contribute to the relative resistance to hypox ic-ischemic brain injury in the fetus. Further stud ies of oxygen-radical and lipid peroxidative pro cesses in the ischemic and postischemic fetal brain are necessary to clarify these issues.
